In a series of 3 experiments, we documented how sandbedding depth and distribution changed within freestalls after new bedding was added and the effect of these changes on lying behavior. In experiment 1, we measured changes in bedding depth over a 10-d period at 43 points in 24 freestalls. Change in depth of sand was the greatest the day after new sand was added and decreased over time. Over time, the stall surface became concave, and the deepest part of the stall was at the center. Based on the results of experiment 1, we measured changes in lying behavior when groups of cows had access to freestalls with sand bedding that was 0, 3.5, 5.2, or 6.2 cm at the deepest point, below the curb, while other dimensions remained fixed. We found that daily lying time was 1.15 h shorter in stalls with the lowest levels of bedding compared with stalls filled with bedding. Indeed, for every 1-cm decrease in bedding, cows spent 11 min less time lying down during each 24-h period. In a third experiment, we imposed 4 treatments that reflected the variation in sand depth within stalls: 0, 6.2, 9.9, and 13.7 cm below the curb. Again, lying times reduced with decreasing bedding, such that cows using the stalls with the least amount of bedding (13.7 cm below curb) spent 2.33 h less time per day lying down than when housed with access to freestalls filled with sand (0 cm below curb).
INTRODUCTION
Many factors contribute to the design and comfort of freestalls including dimensions, partition design, and the flooring surface within the stall. Recent studies indicate that dairy cattle show clear preferences for freestall surfaces (Manninen et al., 2002; Tucker et al., 2003) , and surfaces play a key role in the incidence of hock and knee injuries (Vokey et al., 2001; Mowbray et al., 2003) .
Indeed, there is growing evidence that deep-bedded freestalls provide advantages over other lying surfaces. Dairy cattle prefer heavily bedded concrete stalls to lightly bedded mats (Jensen et al., 1988) , and deep-bedded stalls are preferred to stalls with concrete or geotextile mattresses covered with 2 to 3 kg of sawdust (Muller and Botha, 1997; Tucker et al., 2003) . Lying times also tend to be longer and standing times shorter for deepbedded stalls compared with wood-covered stalls (Muller and Botha, 1997) or mattresses (Tucker et al., 2003) . In contrast, longer lying times on mattresses than on sand stalls has also been reported (Manninen et al., 2002) . In addition to longer lying times in deep-bedded stalls, Cook et al. (2004) found that cows housed on deep-bedded sand were less likely to experience clinical lameness (11%) than those housed on geotextile mattresses (24%). Finally, other studies have shown that deep-bedded surfaces are associated with fewer and less severe hock lesions compared with mattresses with little bedding (Weary and Taszkun, 2000; Vokey et al., 2001; Mowbray et al., 2003) .
Amount of bedding used on the stall surface also affects the cow's response. Jensen et al. (1988) found that cows preferred concrete when bedded with 4 to 5 kg of straw, but chose mattresses when little straw bedding remained. Gebremedhin et al. (1985) found that cows were more likely to lie down in concrete stalls when bedding levels were increased. reported higher lying times on heavily bedded geotextile mattresses than on those with little or no bedding.
Practical experience dictates that amount of bedding on the stall surface declines with use by the cows, and that the distribution of bedding within the fixed dimensions of the stall changes. These changes may have profound effects on cow comfort, but to date little has been published that documents when these changes in bedding occur and what effects these changes have on dairy cattle. The objectives of the current study were: 1) to understand how the level of sand bedding in a free stall changes after bedding is added, and 2) to measure how these changes in bedding affect lying behavior of dairy cattle.
MATERIALS AND METHODS
Twenty-four lactating Holstein dairy cattle were used as subjects. Cows were housed in pens with 12 freestalls. Diagram of freestall partition, brisket area, and curb used in all 3 experiments. When stalls were filled with bedding (to the level of the curb), the neck rail was 129 cm above the bedding, and the partition was 92, 70, and 42.5 cm above the bedding at the 3 locations described in the figure, 44, 74, and 83 cm, respectively.
Each pen contained 3 rows of 4 stalls. The 2 rows facing one another were open at the front (head-to-head) and had a total bed length of 240 cm. The back row of stalls faced a cement wall, and the total bed length of these stalls was 30 cm longer than the head-to-head stalls. In all stalls, the brisket boards were located 165 cm from the curb closest to the alley and were attached to a concrete structure at the front of each stall (Figure 1 ). This concrete structure and the curb closest to the alley were used as reference points in experiments 1, 2, and 3. Height of the brisket board, neck rail, and dividers above the bedding level varied with treatments, as described below. Stall width measured 120 cm center to center and Artex Y2K dividers (Artex Fabricators Inc., Langley, BC) separated stalls. All stalls were bedded with sand that varied in depth, as described below. Bedding was river sand, sieved over a 2-mm screen, washed with water to remove silt, and stored outside until use.
Cows were fed a TMR to ad libitum intake, with fresh feed provided twice daily at 0530 and 1530 h. Milking occurred at approximately 0700 and 1730 h, and the total time away from the pen for milking varied between 80 to 110 min per 24-h period.
Experiment 1: Estimating Changes in Depth of Sand Bedding
In this experiment, 24 cows were allocated into 2 equal groups of 12, balanced for lactation number (mean ± SD: 1.6 ± 0.2) and DIM (mean ± SD: 123.0 ± 7.6). The 2 groups were housed in 2 neighboring pens.
Behavior was recorded using a single video camera (Panasonic WV-BP330), 8.3 m above each pen, a timelapse videocassette recorder (Panasonic AG-6540), and a video multiplexer (Panasonic WJ-FS 416; Mississauga, Ontario, Canada). To enable recording during the dark period, 2 red lights (100 W, <5 lx) were suspended above each pen. Each freestall was numbered and each individual cow was identified by markings made with Clairol's Nice and Easy #122, Natural Black, or Clairol's L'Image Maxiblonde, depending on hair color on the back. Video tapes were scored using instantaneous scan sampling every 10 min and the following behaviors were recorded: 1) time spent lying down, 2) time spent standing with all four legs in the stall, and 3) time spent standing with only the front hooves in the stall.
To understand how both the shape and the average depth of sand bedding changed over time and with different amounts of usage, we monitored all 24 freestalls over a 10-d period. At the beginning of this period, the freestalls were filled with sand during the afternoon milking, such that the bedding was level with the curb. During each of the 10 successive afternoon milkings, a grid was used to measure the distance between the sand and 43 different points on the grid. The grid measured 120 × 160 cm and had 10-cm long legs that rested on the concrete structure at the front of the stall and the Figure 2 . Diagram of grid used to measure bedding depth. The grid measured 120 × 160 cm and had 10-cm legs that rested on the concrete structure at the front of the stall and the curb. Black circles represent locations where measurements were taken. curb ( Figure 2 ). This extra height was necessary because sand was occasionally higher than the curb.
On the first day after the stalls were filled, measurements were only collected for 12 of the 43 points (at the intersections of the 4 rows and 3 columns in the grid). Data from these 12 points, however, were well correlated with the estimates based on 43 points (r Pearson correlation coefficient = 0.96).
To estimate the average depth of the sand bedding, we took an average of the distances between the grid and the sand bedding for each stall, after subtracting the height of the legs (10 cm). The statistical analysis of these data was descriptive. We plotted the mean and SD of these values against time measured in days. In addition, we examined correlations between the average of bedding depth on d 10 with the total number of hours the stall was occupied during the 10-d period. To estimate the shape of the stall, we generated plots based on the average depth of sand at each of the 43 points (n = 24 freestalls). 
Experiments 2 and 3: Effects of Sand Depth on Lying Behavior in Stalls with Fixed Dimensions
In both experiments, the 24 cows were allocated into 4 groups balanced for lactation number (experiments 2 and 3: mean ± SD, 1.6 ± 0.2) and DIM (experiment 2: 172.8 ± 10.7, experiment 3: 197.8 ± 10.7). Cows were housed in 4 neighboring pens. To accommodate storage of sand for the various treatments, the 2 peripheral stalls in each row were blocked off with chains 0.7 m above the curb, resulting in a total of 6 stalls per 6 cows.
Gemini Tiny-Tag data loggers (Gemini Dataloggers Ltd., Chichester, UK) were used to measure lying time, the number of lying bouts, and the duration of each lying bout for each animal. During preliminary testing, 7 cows were fitted with data loggers and observed via continuous video during 48 h. Data loggers were set to record position every 11 s or every 30 s. Compared with the records from video, data loggers (at both sample rates) produced identical estimates for lying time (r = 1.0) and near-identical estimates of number of lying bouts (r = 0.99; C. Winckler, unpublished data, 2005) . In this experiment, the loggers were attached to the outer side of the hind legs (metatarsus) of the animals using vet wrap and were set to record the cows' position every 30 s. Halfway through each experiment, the loggers were switched to the opposite hind leg to minimize the chance of hair loss. In experiment 2, the cows were away from their pens during 120 to 150 min on the first day of each treatment. This was slightly longer than on other days (80 to 110 min) because data loggers took longer to attach than the regular milking time. Due to improved procedure, no extra time was required to attach data loggers in experiment 3.
We applied 4 treatments in experiments 2 and 3. Treatments were assigned to the 4 groups in each experiment using a Latin square.
Experiment 2: Treatments
Based on results from experiment 1, we applied 4 treatments that were equivalent to the average values for bedding depth and shape on d 0, 3, 6, and 9 after stalls were filled (0.0, 3.5, 5.2, or 6.2 cm at the deepest point, relative to the curb). For the 0-cm treatment, the stalls were filled level with the curb (see Table 1 for a summary of treatment descriptions). For the other treatment levels, the stalls were given a concave shape using 2 plywood boards attached perpendicularly, such that the lower board could be rotated. To create the concave shape, the upper board was placed on the curb and the concrete at the front of the stall, and the lower board was rotated to displace sand away from the center. The upper board measured 170 cm in length, and the lower board measured 120 cm, having a rounded bottom that tapered from the widest point at the center to the narrowest point at the edge. Boards used to create the 3 treatment conditions measured 6.3, 8.0, and 9.9 cm at the widest point and 5.0, 6.4, and 7.7 cm at the narrowest. Treatments were applied for a total of 2 d per treatment and bedding was measured and reshaped twice daily during milking times.
Experiment 3: Treatments
Many producers level the bedding as part of their daily stall maintenance. Thus, even though bedding levels drop, the cows still have access to a relatively even surface. In addition, the results from experiment 1 demonstrated that some stalls showed more dramatic bedding loss than we observed on average. The aims of experiment 3 were: 1) to determine if changes in depth still affected cows when sand was leveled, and 2) to explore the effects of a wider range of bedding depths. We retested the range of values from experiment 2 (i.e., 0 and 6.2 cm) and added a treatment level equal to the maximum depth observed on d 4 (13.7 cm; below this value, sand was often wet and hard) and an intermediate value (9.9 cm). These treatments were imposed by raking the sand level. Bedding was measured and re-leveled twice daily during milking, and treatment levels were imposed during 2 consecutive days.
Statistical Analyses
Failure of data loggers resulted in the loss of data for 1 cow in 3 different groups in experiment 3. Therefore, statistical analysis was based on 5 cows for each of these 3 groups in experiment 3. The group of cows was treated as the experimental unit (n = 4) in both experiments 2 and 3. Values from the two 24-h periods at each treatment level were averaged before analysis.
Pearson correlations were used to assess the relationship between bedding depth on d 10 and total stall usage during the 10-d period in experiment 1. In experiments 2 and 3, time spent lying, the number of lying bouts, and the mean duration of lying bouts were analyzed using the GLM procedure in SAS (SAS Institute, 1999) . This model included a term for group (3 df), order of exposure to each treatment (3 df), and the effects of treatment (3 df) against the residual error (6 df). Linear, quadratic, and cubic effects of treatment (1 df each) were tested with a contrast statement in the GLM. The coefficients used in these contrast statements were generated with PROC IML (SAS Institute, 1999). The quadratic and cubic effects were never found to be significant and are not discussed further. All P values given in the Results section are for the linear contrast.
RESULTS

Experiment 1
Over time, the stall surface took on a concave shape, and bedding depth was lowest at the center of the stall and highest at the edges (Figure 3 ). The loss of bedding was greatest after new bedding was added, and sand levels continued to decline during the entire 10-d period (Figure 4 ). In addition, some stalls had more sand removed than others; the maximum depths observed on any given day tended to be 3 times the average depth. A trend (r Pearson = 0.29; P ≥ 0.16) occurred for stalls with higher occupancy times to have the greatest loss in sand depth after 10 d.
Experiments 2 and 3
Lying times were lower in both experiments 2 (P ≤ 0.03) and 3 (P ≤ 0.01) in freestalls having less sand (Table  2) . In experiment 2, the mean lying time was 1.15 h less in stalls when an average of 6.2 cm of sand was removed compared with those that were filled to the height of the curb. For every 1-cm decrease in bedding, cows spent approximately 11 min less lying during each 24-h period. In experiment 3, animals spent 2.33 h less lying down per day in the stalls having 13.7 cm of sand removed compared with stalls that were filled to the height of the curb. In this experiment, cows lay down about 10 min less per 24-h period with every 1-cm decrease in sand.
Mean duration of lying bouts was shorter (P ≤ 0.01) when the stalls contained less sand in experiment 3 and a similar tendency (P ≤ 0.11) occurred in experiment 2. The pattern of longer lying bouts in well-bedded stalls, however, was not as consistent as the pattern of higher lying times observed in these stalls. For example, in experiment 2, 17 of the 24 cows had shorter lying bouts in the 6.2-cm treatment compared with the 0-cm treatment, but 20 of 24 cows had shorter lying times. In experiment 3, 15 of the 21 cows had shorter lying bouts in the 13.7 cm treatment than in the 0-cm treatment, but 20 of the 21 cows had shorted lying times. The mean number of lying bouts in a 24-h period was 11.4 ± 0.6 in experiment 2 and 11.1 ± 0.5 in experiment 3. The number of lying bouts did not differ among treatments in either experiment. 
DISCUSSION
This study provides the first illustration of how bedding in stalls changes over time and quantifies the effect of such changes on the lying behavior of dairy cattle. Results from experiment 1 showed that the change in depth of sand was greatest on the day after new sand was added and decreased during a 10-d period. Over time, the stall surface became concave, and sand depth was lowest at the center and highest at the edges of the stall. Stalls with higher occupancy times tended to have the greatest decrease in sand level after 10 d. Sand may be removed by the cows digging or by dragging sand out when they exit the stalls. Further research is required to understand how sand is leaving the stall.
Changes in bedding depth in stalls with fixed dimensions may correspond with changes in the bacterial populations in the sand. In experiment 1, we found that the greatest change in maximum sand depth occurred by the second day after bedding had been added. Bacterial counts in deep-bedded sand increased after the freestalls were filled and generally reached their maximum 1 or 2 d after bedding was added (Zdanowicz et al., 2004) . Similar time trends have been reported for bacterial growth in sawdust bedding (Hogan and Smith, 1997; Hogan et al., 1999; Zdanowicz et al., 2004) . Increased manure contamination and, therefore, availability of nutrients, may explain these changes in bacterial growth. Alternatively, in deep-bedded freestalls, bacterial contamination of fresh bedding may be linked to exposure to bacteria present in the older bedding in the stall. As the depth of sand changes, new sand is mixed with older bedding that already may be contaminated. Our study provides the first experimental evidence that the depth and shape of sand bedding in freestalls influences the lying behavior of cattle. In experiment 2, cows spent less time lying down in stalls with less bedding and a more pronounced concave shape. On average, cows reduced their lying times by about 11 min for every 1-cm decrease in sand depth. In experiment 3, cows showed a similar rate of decline in lying times when bedding was leveled and sand depth dropped below the curb. These findings are consistent with other work that reported longer lying times on well-bedded mattresses compared with bare or lightly bedded mattresses . Cows are more likely to spend time lying down in concrete stalls with more bedding (Gebremedhin et al., 1985) . However, in experiment 2 and 3, no change was detected in the number of lying bouts. As reviewed in , when cows have difficulty lying down or standing up, they change this specific behavior by either standing up or lying down less often (fewer lying bouts). We speculate that the number of lying bouts is an indicator of the ease with which the cow stands up or lies down, and this response did not differ among treatments tested.
Shorter lying times are clearly associated with less comfortable housing systems (Haley et al., 2000) and higher lying times may provide other benefits to dairy cattle. Researchers have found that cattle deprived of the opportunity to lie down have greater acute increase in cortisol concentrations, reduced responses to ACTH challenges, and reduced concentrations of circulating growth hormone compared with free-lying counterparts (Munksgaard and Løvendahl, 1993; Fisher et al., 2002) . Cattle were more motivated to lie down than to eat after being deprived of both resources for 3 h (Metz, 1985) . Indeed, others have tested the level of motivation for lying and found that heifers will work to spend 12 to 13 h lying down per day (Jensen et al., 2005) . Cattle that spend less time lying also may have poorer claw health, because standing on concrete flooring is thought to pre- dispose dairy cattle to lameness and claw lesions (Bergsten and Frank, 1996) . Lying times reported in this study, however, are still within a range considered by many to be normal for dairy cattle in freestalls (Tucker et al., 2004b) . It is unclear whether the changes in sand depth and shape tested in these experiments would result in changes in other traits such as claw health.
In experiment 3, lower lying times corresponded with shorter lying bouts. We speculate that shorter lying bouts indicate some discomfort while recumbent. As sand levels decreased, the rear curb and concrete at the front of the stall became more exposed and the effective lying area became smaller. Increased contact with the concrete features may have been responsible for shorter lying bouts. Other factors, such as the size or the favored lying position of the cow, may have affected the amount of discomfort. Such individual differences may explain some of the variation found in lying-bout duration in response to decreasing sand levels.
Other studies also reported shorter lying bouts in response to potential discomfort while recumbent. Shorter lying bouts and overall daily lying time for cows housed in narrower stalls were reported (Tucker et al., 2004a) . As a result, the authors proposed that contact with stall partitions might reduce comfort while recumbent. Similarly, Ö sterman and Redbo (2001) found that cows milked twice daily had shorter average lying bouts and daily lying times than those milked 3 times daily, possibly because cows milked less frequently experienced more discomfort associated with udder fill.
In experiment 2, lower lying times also corresponded with shorter lying bouts, but this trend was not statistically significant. A possible explanation for this difference between experiments 2 and 3 is that both the shape and the amount of sand were manipulated in experiment 2. When the concave shape was imposed, sand was displaced toward the edges of the stall, and this may have buffered exposure to the concrete features of the stall. Alternatively, the sample size in experiment 2 may have been insufficient to detect the smaller difference between treatments (0.11-h difference in duration of lying bouts between 0-and 6.2-cm treatments in experiment 2 vs. a 0.22-h difference between 0-and 13.7-cm treatments in experiment 3).
In addition to shorter lying bouts, injury may result from contact with exposed concrete curbs. Hock lesions of dairy cattle housed in either deep-bedded sand stalls or stalls with a geotextile mattresses recessed 5 cm below the curb and covered with sand were studied (Mowbray et al., 2003) . Those housed in the deep-bedded stalls had more hair loss on the tuber calcis (point of the hock) than those housed in the recessed-mattress system, likely due to increased risk of contact with the cement curb in the deep-bedded stalls.
In conclusion, depth of sand in deep-bedded freestalls declines during the days following addition of bedding. Dairy cattle respond to these reduced bedding levels by lying down for fewer hours per day and for shorter intervals, indicating compromised comfort in poorly bedded stalls. We recommend that the lying surfaces in deep-bedded stalls be maintained to the level of the curb.
